Rationale: Mechanotransduction and the response to biomechanical stress is a fundamental response in heart disease. Loss of phosphoinositide 3-kinase (PI3K)␥, the isoform linked to G protein-coupled receptor signaling, results in increased myocardial contractility, but the response to pressure overload is controversial.
T he phosphoinositide 3-kinase (PI3K) system has a fundamental role in cell signaling and is involved in cell survival and growth and modulates myocardial contractility. 1, 2 In the heart, both PI3K␣ [3] [4] [5] and PI3K␥ 3, 6 controls distinct aspects of cardiac structure and function. Mechanotransduction plays a fundamental role in cardiac (and vascular) function and it appears to involve interactions between extracellular matrix and intracellular cytoskeletal proteins via cell adhesion complexes which are modulated by both class I A and I B PI3Ks. 1, 7 Although PI3Ks and lipid phosphatases can modulate cytoskeletal interactions, stretch can in turn activate Akt/PKB and GSK-3␤ activity in both cardiomyocytes and Langendorff-perfused hearts. 8 In cardiac muscle, cell adhesion and the cardiomyocyte stretch sensor machinery play key roles in the complex mechanism leading to human DCM and associated heart failures. 9 Indeed, dilated cardio-myopathy in humans is associated with marked remodeling of extracellular matrix and cell adhesion complexes.
Loss of p110␥, the catalytic subunit of the PI3K␥ complex, leads to enhanced cAMP generation resulting from a loss of phosphodiesterase activity, resulting in enhanced Ca 2ϩ cycling and attributable primarily to increased phosphorylation (and inhibition) of phospholamban (PLN) and increased sarcoplasmic reticulum Ca 2ϩ stores. 3, 6, 10 Using the aortic banding (AB) model, we showed that despite these biochemical changes, PI3K␥KO mice show enhanced susceptibility to early biomechanical stress. Our results provide a crucial link between PI3K␥ and the cellular responses to biomechanical stress, with a loss of p110␥ resulting in elevated matrix metalloproteinase (MMP) expression and activity, and correlates with a selective loss of N-cadherin from cell adhesion complexes. Importantly, these adverse cellular changes are not observed in the PI3K␣DN and in PI3K␥ kinase dead (kDa) mutant mice in response to pressure overload. Inhibition of cAMP levels with propranolol and MMP inhibition provided significant rescue of the dilated cardiomyopathy in banded PI3K␥KO mice. Chronic ␤-blocker therapy also resulted in prevention of adverse myocardial remodeling in wild-type (WT) mice. These results illustrate the importance of cell adhesion and extracellular matrix in the response to biomechanical stress even in the setting of enhanced Ca 2ϩ cycling and increased myocardial contractility.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Experimental Animals
PI3K␥KO, PI3K␣DN, and PI3K␥KD mice in C57Bl/6 background have been described previously. 3, 6, 11 All experiments were performed in accordance with institutional guidelines and Canadian Council on Animal Care. Only male mice of 8 to 9 weeks of age and littermate C57Bl/6 WT controls were used. For the propranolol experiments, mice were treated with propranolol in their drinking water (0.2 g/L) to deliver 15 mg/kg per day; propranolol was withdrawn 1 day before the echocardiographic and hemodynamic measurements. The broad-spectrum MMP inhibitor PD166793 (Pfizer Inc) was administered orally by daily gavage as described previously. 12 Because of the rapid onset of ventricular dilation in PI3K␥KO mice, PD166793 treatment (30 mg/kg per day) began 3 days before AB and continued until mice were euthanized.
Aortic Banding
The AB protocol was used as a means of pressure overload and biomechanical stress as described previously. 12, 13 Briefly, the descending aortic arch was accessed via a left thoracotomy and the descending thoracic aorta was surgically constricted to generate a transstenotic pressure gradient of 50 to 60 mm Hg.
Histology, Hydroxyproline, and TUNEL Assays
For heart morphometry, hearts were arrested with KCl, fixed with 10% buffered formalin, and embedded in paraffin. Myocardial interstitial fibrosis was determined as collagen volume fraction using confocal microscopy on picrosirius red stained 10 m thick sections pretreated with PMA. Collagen content was also determined using the hydroxyproline assay as previously reported. 14 In situ DNA fragmentation was labeled using the TUNEL assay (ApopTag Plus kit; Oncor, Gaithersburg, Md).
Echocardiography and Hemodynamic Measurements
Echocardiographic assessments and invasive hemodynamic measurements were carried out as described previously. 3, 12, 13 
Isolated Cardiomyocyte Contractility
Left ventricular (LV) cardiomyocyte contractility was carried out as described previously. 3
Isolation and Culture of Adult Cardiomyocytes and Fibroblasts
The protocol used for isolation and culture of adult mouse cardiomyocytes and fibroblasts was modified from O'Connell et al (see Online Methods). 15
Measurement of cAMP Levels
The cAMP levels in isolated adult ventricular cardiomyocytes and LV myocardial tissue were measured using the cAMP competitive enzyme immunoassay system (GE Healthcare Amersham Biosciences).
Cell Adhesion Assay
The ECM-based cell adhesion assay was carried out using a colorimetric-based assay (CytoSelect 48-Well Cell Adhesion Assay; Cell Biolabs Inc).
TaqMan Real-Time PCR, Western Blot Analyses, and Membrane Fractionation, Gelatin Zymography, and Collagenase Activity Assay
RNA expression levels were quantified with TaqMan RT-PCR using ABI Prism 7700 sequence detection system as described previously (see Online Table I for primers and probes). 16, 17 Western blot analyses, gelatin zymography, and collagenase activity were performed as described previously (see Online Methods). 16, 17 For the in vitro analysis of N-cadherin cleavage, 100 ng of human recombinant N-cadherin Fc Chimera protein (R&D) was incubated with 0, 1, 10, 100 nmol/L MMP2 (R&D) or MT1-MMP (R&D). 
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Confocal Fluorescence Microscopy
Formalin-fixed sections were permeabilized with ice-cold methanol for 10 minutes, blocked with goat serum and incubated with primary antibodies (anti-N-cadherin [rabbit] and anti-␤-catenin [mouse], 1:500, Abcam) overnight at 4°C in a humidified chamber. After several washes, Texas red-conjugated (for cadherin) or FITCconjugated (for catenin) secondary antibodies were incubated for 30-minute at room temperature. The sections were evaluated with a Zeiss LSM510 confocal microscope and associated software.
Statistical Analysis
One-way ANOVA was used to test for overall significance, followed by the Student-Newman-Keuls test for multiple comparison testing between the various groups. All statistical analyses were performed with the SPSS software (version 10.1). Data are presented as meansϮSEM; n refers to the sample size.
Results
Accelerated Development of Ventricular Dilation and Pathological Hypertrophy in PI3K␥KO Mice in Response to Biomechanical Stress
In response to pressure overload, WT mice developed concentric remodeling with increased wall thickness and reduction in chamber size at 1 and 3 weeks following AB ( Figure  1A) . In contrast, LV size dilated rapidly in PI3K␥KO mice characteristic of eccentric remodeling at 1 and 3 weeks following AB as shown by trichrome-stained four-chamber views ( Figure 1B ). The early development of dilated cardiomyopathy in the banded PI3K␥KO mice was associated with increased interstitial myocardial fibrosis at 3 weeks after AB as illustrated by picrosirius red staining ( Figure 1C ) and quantified as collagen volume fraction ( Figure 1D ). Increased myocardial fibrosis in banded PI3K␥KO mice was confirmed by the biochemical assessment of hydroxyproline content ( Figure 1D ) and occurred without a measurable increase in apoptosis ( Figure 1E and 1F). In banded PI3K␥KO mice, mRNA expression profile showed greater myocardial expression of the disease markers, atrial natriuretic factor (ANF) ( Figure 1G ), BNP ( Figure 1H ), and ␤MHC ( Figure 1I ) with morphometric features of hypertrophy (Online Table I ). Activation of several signaling pathways is a key mediator of the response to biomechanical stress. 18, 19 The increased phosphorylation of extracellular signal-regulated kinase (ERK)1/2 ( Figure 2A ) and Akt ( Figure 2B ) were reduced in banded PI3K␥KO mice compared with banded WT mice after 1 week of pressure overload. However, following 3 weeks of pressure overload, the degree of ERK1/2 phosphorylation was equivalent in WT and PI3K␥KO mice ( Figure 2A ). The GSK-3 system is an important downstream mediator of PI3K/Akt signaling 1,2,20 and consistent with a loss of Akt signaling, phosphorylated (phospho)-GSK-3␣ ( Figure 2C ) and phospho-GSK-3␤ ( Figure 2D ) were not affected initially at 1 week and then showed a drastic reduction at 3 weeks after AB in PI3K␥KO mice. Interestingly, baseline level of phospho-GSK-3␤ was significantly greater in PI3K␥KO compared with WT mice ( Figure 2D ). The phosphorylation of focal adhesion kinase (FAK) is widely accepted as a fundamental response in myocardial mechanical stretch and hypertrophy. 21 In the banded PI3K␥KO mice, increased phospho-FAK occurred at an earlier stage compared with WT mice consistent with an aberrant response to biomechanical stress ( Figure 2E ). These results show that PI3K␥KO mice devel- oped a rapid onset of adverse myocardial remodeling and pathological hypertrophy in response to biomechanical stress with resultant alteration in the activation of mechanosensitive and Akt-dependent signaling cascades.
Uncoupling Between In Vivo Myocardial Contractility and Single-Cardiomyocyte Contractility in Pressure-Overloaded PI3K␥KO Mice
To examine whether these differences in myocardial remodeling in WT and PI3K␥KO mice result in functional alteration, we used transthoracic echocardiography to assess heart function. LV size rapidly dilated with a marked and progressive decrement in systolic function at 1 and 3 weeks in PI3K␥KO mice (Figure 3A through 3E; Online Table II ). In marked contrast, banded WT mice developed increased wall thickness with reduced ventricular size and preserved systolic function (Figure 3A through 3D; Online Table II ). We used invasive hemodynamic measurements to further characterize these functional alterations which showed greater elevation in LV end diastolic pressure (Online Table II ) and reduced myocardial contractility as assessed by ϩdP/dt max ( Figure  3D ; Online Table II) and ϪdP/dt min ( Figure 3E ; Online Table  II) in banded PI3K␥KO mice. The early and marked decompensation in banded PI3K␥KO mice despite enhanced Ca 2ϩ cycling and increased basal myocardial contractility ( Figure  3 ; Online Table II) 3, 6, 10 suggests that myocardial cell adhesion is compromised.
As such, we hypothesize that isolated cardiomyocyte contractility would remain elevated in banded PI3K␥KO mice. Increased phosphorylation of PLN is a critical target of the elevated cAMP levels in PI3K␥KO mice. 3, 10, 22 Western blot analyses confirmed increased serine-16 phosphorylation of PLN in PI3K␥KO compared with WT mice, which was preserved in response to pressure overload ( Figure 3F ). Analysis of cAMP levels in the LV from PI3K␥KO mice confirmed elevated basal levels of cAMP which were maintained in response to 1 week of after AB ( Figure 3G ). Indeed, isolated cardiomyocytes from banded PI3K␥KO mice showed increased cell shortening ( Figure 3H ) and rate of contractility ( Figure 3I ) compared with cardiomyocytes obtained from banded WT mice. Whereas ECM-based cell adhesion was intact in the PI3K␥KO cardiomyocytes under baseline conditions (sham), there was a drastic loss of adhesive properties to collagen IV and laminin in response to pressure overload ( Figure 3J ). In contrast, cardiomyocyte adhesion from WT mice remained intact following pressure overload ( Figure 3J ). These results show that isolated cardiomyocytes maintain an increased contractility despite the early deterioration in whole heart systolic function providing strong evidence that the primary defect in banded PI3K␥KO mice is a disorganized extracellular matrix and/or cell adhesion.
Selective Upregulation of MMP2 and MT1-MMP and MMP Inhibition Mediated Rescue of Pressure-Overloaded PI3K␥KO Mice
Adverse remodeling of the extracellular matrix by MMPs is a key determinant of the response to biomechanical stress. 23 MMP2 (gelatinase A) and MMP13 (collagenase-3) genes contain promoter regions encoding a cAMP-response element (CRE), which binds CRE binding protein (CREB) 24 and mediates cAMP-dependent increase in the synthesis of MMP2 25 and MMP13, 26 whereas MT1-MMP expression is also positively regulated by cAMP. 27 We hypothesize that elevated cAMP levels in the setting of increased biomechanical stress synergistically increase MMP expression and/or activity in banded PI3K␥KO mice. Indeed, both MMP2 ( Figure 4A ) and MT1-MMP ( Figure 4B ) myocardial mRNA expression increased within 1 week of after AB and persisted at 3 weeks in PI3K␥KO compared with WT mice, whereas MMP13 expression was drastically increased in PI3K␥KO mice at 3 weeks after AB ( Figure 4C ). In contrast, non-cAMP-responsive MMPs such as MMP9 (gelatinase B) ( Figure 4D ) and MMP8 (collagenase-2) (data not shown) showed no differential change in expression in response to after AB. To provide a more definitive connection between cAMP and MMP expression/activity, we also examined the expression of these MMPs in banded PI3K␣DN mice which also develop an early dilated cardiomyopathy 4 and in banded PI3K␥KD mice, which lack PI3K␥ signaling without elevation in cAMP levels. 6 Consistent with our hypothesis, myocardial expression levels of MMP2 ( Figure 4A ), MT1-MMP ( Figure 4B ), and MMP13 ( Figure 4C ) were not increased in PI3K␣DN and PI3K␥KD mice at 1 and 3 weeks after AB.
Next, we examined the changes in MMP expression in cultured adult ventricular cardiomyocyte and cardiofibroblast fractions in response to the activation of cAMP signaling using the ␤-adrenergic agonist, isoproterenol. The levels of cAMP in cardiomyocytes increase significantly in response to isoproterenol stimulation preventable by ␤-adrenergic blockade using propranolol (25 mol/L) and specific adenylate cyclase inhibition using 2Ј,5Ј-dideoxyadenosine (DIDA) (30 mol/L; Figure 4E ). Western blot analysis showed an early and marked increase in serine-133 CREB phosphorylation in cultured cardiomyocytes and cardiofibroblasts ( Figure  4F ) and shown quantitatively ( Figure 4G ) in response to ␤-adrenergic receptor stimulation. Consistent with activation of CREB, mRNA levels of cAMP-responsive MMPs following 24 hours of stimulation with 100 nmol/L isoproterenol showed that MMP2 ( Figure 4H ), MT1-MMP ( Figure 4I ), and MMP13 ( Figure 4J ) all showed a significant rise in mRNA expression in cultured adult cardiomyocytes. Although the basal expressions of MMP2 and MT1-MMP were greater in cultured adult cardiofibroblasts, MMPs also showed a similar increase in response to ␤-adrenergic stimulation in these cells ( Figure 4H through 4J) . Importantly, the corresponding increase in mRNA expression of MMP2, MT1-MMP, and MMP13 in both cardiomyocytes and cardiofibroblasts were suppressed by both propranolol and DIDA ( Figure 4H through 4J).
We next assessed for direct biochemical evidence for increased MMP activity in the PI3K␥KO mice in response to pressure overload. Myocardial collagenase activity showed a significant increase at 1 and 3 weeks after AB in the PI3K␥KO mice compared with banded WT mice, which was suppressible by the MMP inhibitor PD166793 ( Figure 5A ), whereas gelatin zymography showed selective activation of MMP2 in banded PI3K␥KO compared with WT mice ( Figure  5B ). MMP9 protein levels did not change in banded WT hearts, whereas at 3 weeks, post-AB PI3K␥KO hearts showed an increase (Online Figure III) despite minimal increase in mRNA levels ( Figure 4D ), suggesting a posttranscriptional mechanism for the increased MMP9 levels. Given the lack of an increased MMP expression in banded PI3K␥KD mice, myocardial collagenase activity was not elevated in these mice ( Figure 5A ). Consistent with gelatin zymography, Western blot analysis and quantification ( Figure 5B ) revealed increased myocardial expression of active MMP2 (64 kDa) and pro-MMP2 (72 kDa) in banded PI3K␥KO mice at 1 and 3 weeks after AB. Similarly, membrane fractionation and analysis of MT1-MMP levels showed an earlier and greater increase in MT1-MMP levels in banded PI3K␥KO mice ( Figure 5C ). The activity of MMPs are inhibited by tissue inhibitor of matrix metalloproteinases (TIMPs), TIMP1, TIMP2, TIMP3, and TIMP4 with TIMP3 playing a key role in the myocardial response to biomechanical stress. 12, 28 Interestingly, TIMP1 levels increased similarly, whereas the expression of TIMP2 did not change in banded WT and PI3K␥KO mice ( Figure 5D ). By contrast, increase in TIMP3 and TIMP4 expression occurs at 3-weeks after AB in PI3K␥KO mice possibly attributable to a negative-feedback response to the increased MMP expression and activities ( Figure 5D ). Our data provide a crucial link between the adverse myocardial remodeling in banded PI3K␥KO mice and the increase in activation and activity of MMPs. Human recombinant MMP2 rather than MT1-MMP cleaves human recombinant N-cadherin Fc chimera and was inhibited by the MMP inhibitor, PD166793 (Online Figure II) . We hypothesized that MMP inhibition will lead to a marked protection in banded PI3K␥KO mice. Daily treatment of banded PI3K␥KO mice with the broad-spectrum MMP inhibitor PD166793 (30 mg/kg per day) 12 prevented the dilated cardiomyopathy, fibrosis, and disruption of the extracellular collagen network ( Figure 5E ). This also reversed the upregulation of disease markers, ANF and BNP, and ventricular dilation at end-diastole and end-systole, resulting in improved systolic performance in banded PI3K␥KO mice ( Figure 5F) . These results illustrate a key role of cAMP-mediated upregulation of MMP2 and MT1-MMP expressions in mediating the adverse myocardial remodeling in pressure-overloaded PI3K␥KO mice.
Specific Loss of N-Cadherin From Adhesion Complexes While ␤-Adrenergic Blocker Prevents Upregulation of MMP and Loss of N-Cadherin in Banded PI3K␥KO Mice
In addition to the degradation of the ECM, N-cadherin/␤catenin cell adhesion complexes are also important targets of an activated MMP system. 29, 30 Western blot analysis of the myocardial membrane fraction in banded WT and PI3K␣DN mice showed a modest increase in N-cadherin levels ( Figure  6A and 6B), whereas in banded PI3K␥KO mice, there was a 75% loss of N-cadherin levels ( Figure 6A and 6B) . In contrast, in the banded PI3K␥KO (and PI3K␣DN) mice, levels of ␤-catenin in the heart were significantly increased compared with banded WT mice ( Figure 6C ). The relative preservation of N-cadherin levels in the PI3K␥KD hearts is consistent with a critical role of cAMP in mediating the loss of N-cadherin from adhesion complexes independent of the PI3K␥ lipid kinase activity per se. The quality of Western blot analysis was confirmed by absence of the membranespecific protein (toll-like receptor 4) in the cytosolic fraction and absence of the cytosolic-specific protein (caspase-3) in the membrane fraction (Online Figure I) . Immunofluores-cence microscopy confirmed colocalization of N-cadherin and ␤-catenin in the end-to-end and side-to-side connections between cardiomyocytes in banded WT hearts ( Figure 6D ). Consistent with our Western blot analysis, there was a near complete loss of N-cadherin from end-to-end and side-to-side connections from pressure-overloaded PI3K␥KO myocardium ( Figure 6E) . Consistent with the ability of PD166793 to prevent MMP2-mediated cleavage of N-cadherin (Online Figure II) and rescue the dilated cardiomyopathy in banded PI3K␥KO mice ( Figure 5 ), Western blot analysis confirmed reduced loss of membrane-associated N-cadherin ( Figure 6F and 6G), resulting in more pronounced staining of N-cadherin in the myocardial cell adhesion junctions ( Figure 6H ) in banded PI3K␥KO mice treated with PD166793. Given the key role of integrin complexes in mediating cell adhesion in the heart, 31, 32 we also examined changes in integrin levels in response to pressure overload. Western blot analysis of membrane fractionated ␤1D and ␣7B integrins showed increased levels in WT hearts at 1 and 3 weeks after AB with a delayed increase in the PI3K␥KO hearts with a significant increase only at 3 weeks after AB (Online Figure IV) . We then tested the hypothesis that elevated cAMP plays a key in vivo role in the adverse remodeling in banded PI3K␥KO mice by using the nonspecific ␤-adrenergic blocker propranolol at a dose that has been previously shown to normalize elevated cAMP levels. 6 Propranolol treatment normalizes the mRNA expression of MMP2, MT1-MMP, and MMP13 ( Figure 7A ) with similar changes seen in the expression of disease markers, ANF, ␤MHC, and BNP ( Figure 7B ). Consistent with a reduction in MMP expression, elevated collagenase activity in the banded PI3K␥KO mice was normalized in response to propranolol ( Figure 7C ) with relative preservation of N-cadherin levels in the myocardial membrane fraction ( Figure 7D) . These biochemical and cellular changes implies that cardiac function was rescued in banded PI3K␥KO mice treated with propranolol. Indeed, echocardiographic assessment showed a near normalization of the increased LV dilation and improved fractional shortening with invasive hemodynamic parameters showing marked increase in ϩdP/dt max and ϪdP/dt min in the banded PI3K␥KO mice treated with propranolol ( Figure 7E) . These results highlight a key reversible defect in the N-cadherin system in the PI3K␥KO mice in response to biomechanical stress caused by cAMP-dependent upregulation of MMP activity.
␤-Blocker Therapy Prevents the Adverse Remodeling in Response to Chronic Pressure Overload
The beneficial effects of ␤-blocker therapy in the banded PI3K␥KO mice suggest that ␤blockade may have a similar protective role in a long-term (9 weeks) AB model of WT mice. Aortic banding for 9 weeks resulted in marked increase in expression of hypertrophy markers, ␣-skeletal actin, ␤MHC and BNP ( Figure 8A ) in association with LV dilation and reduced systolic function ( Figure 8B; Online Figure V) . Propranolol treatment prevented the adverse remodeling and systolic dysfunction in response to chronic biomechanical stress ( Figure 8A and 8B; Online Figure V) . Quantitative assessment of cardiac systolic function using echocardiography showed a marked improvement in fractional shortening and reduction in LV end-diastolic dimension (Online Figure  V) . Similarly, invasive hemodynamic measurement revealed restoration of an elevated LV end-diastolic pressure and normalization of ϩdP/dt max and -dP/dt min in response to chronic ␤-blocker therapy ( Figure 8C ). These functional changes correlated with a reduction of MMP2 and MT1- MMP expression in the absence of a differential effect on MMP13 expression ( Figure 8D ). Western blot analysis showed a higher level of membrane-associated N-cadherin with an equivalent increase in ␤-catenin levels resulting in preservation of the myocardial N-cadherin/␤-catenin ratio ( Figure 8E ) in response to chronic ␤-blocker therapy. Our results highlight a novel mechanism of chronic ␤-blocker therapy in preventing the adverse myocardial remodeling in pressure overload-induced heart failure.
Discussion
The response to biomechanical stress is a fundamental response in heart disease and plays a key adaptive role in response to a pressure overload state characteristic of hypertension and valvular stenosis. Mechanotransduction plays a fundamental role in cardiac structure and function and involves a concerted interaction between extracellular matrix, intracellular cytoskeletal proteins, and cell adhesion complexes. 7, 33 Advanced heart failure in response to myocardial injury including biomechanical stress leads to impaired Ca 2ϩ cycling and strategies aimed at enhancing Ca 2ϩ cycling are currently being developed as therapies for heart failure. 34, 35 Loss of PI3K␥ increases basal cAMP levels, enhances SERCA2 function and Ca 2ϩ cycling, and increases basal myocardial contractility. 3, 6, 10 In the heart, loss of PI3K␥ prevents phosphorylation of Akt in response to G proteincoupled receptor agonists, 6, 11, 36 and PI3K␥KO mice are resistant to the pathological effects of ␤-adrenergic stimulation. 11 Despite these biochemical changes, PI3K␥KO mice show enhanced susceptibility to biomechanical stress, 6,37 and we provide direct evidence that the primary defect is a compromised cell-adhesion/extracellular matrix system linked to elevated cAMP levels. In contrast, in PI3K␥KD mice, which have normal myocardial cAMP levels, 6 there is no upregulation of MMPs with preservation of N-cadherin levels consistent with the ability of these mice to maintain normal systolic function in response to early biomechanical stress. 6 The PI3K/PTEN system may also have a more direct role in the cardiac response to biomechanical stress. 2, 7, 8, 13 Whereas PI3K and lipid phosphatases can modulate cytoskeletal interactions, stretch can in turn activate Akt/PKB and GSK-3␤ activity. 8 Indeed, loss of PTEN prevents pressure overload-induced heart failure, 13 whereas loss of Akt1/PKB␣ leads to a rapid onset of ventricular dilation and systolic dysfunction in response to pressure overload. 38 Consistent with a critical role of PI3K␥ in pathological G proteincoupled receptor signaling, 6, 11, 36 phosphorylation of ERK1/2 is impaired in response to early biomechanical stress in the PI3K␥KO mice. 6 However, this differential response is loss at 3 weeks after AB, which is likely driven by severe disruption of the ECM and/or cell adhesion leading to G protein-coupled receptor-independent activation of ERK1/2 in the PI3K␥KO mice. Despite equivalent basal phospho-Akt levels in WT and PI3K␥KO hearts, basal phospho-GSK-3␤ was increased in the PI3K␥KO mice, likely mediated by PKA 39 given the chronic elevation of myocardial cAMP levels in these mice. The diverse downstream effects of elevated basal phospho-GSK-3␤ 40 may have contributed to the adverse remodeling in the PI3K␥KO mice.
Elevated cAMP levels in response to increased biomechanical stress leads to increased MMP expression and increased active (cleaved) MMP2 and collagenase activity, leading to adverse myocardial remodeling. Activation of pro-MMP2 occurs by proteolytic cleavage of the N-terminal propeptide and requires two MT1-MMP molecules in association with TIMP2. 41, 42 In addition to degrading various components of the ECM, increased MMP activity can also adversely modify cell-cell adhesion complexes. Cardiomyocyte cell adhesion complexes provide an important mechanism by which cardiomyocytes (and cardiofibroblasts) are anchored to the extracellular matrix while allowing force transmission to the intracellular cytoskeletal network. 31, 33, 43 In particular, we have shown that increased MMP expression and activity can regulate N-cadherin function through proteolytic degradation. 29, 30, 44 Cardiac-specific loss of N-cadherin in the heart leads to a dilated cardiomyopathy attributable to loss of the integrity of cell adhesion junctions. 45 Because of their homophilic binding and adhesive specificities, N-cadherin/catenin complex is required for cadherin-mediated cell adhesion and linkage to the actin cytoskeleton. The delayed increase in membrane ␤1D and ␣7B integrins in the banded PI3K␥KO hearts may have also contributed to the early onset of dilated cardiomyopathy. 31, 32 In addition, MT1-MMP is a potent collagenase that also targets other ECM components such as fibronectin, 46 laminin, 46 and integrins 47, 48 while activating MMP13 (collagenase-3), thereby amplifying the collagen-degradation process. 16, 49 Our results are consistent with the conclusion that elevated cAMP (and its downstream effects) is the primary driver of the adverse remodeling in banded PI3K␥KO mice rather than loss of PI3K␥ signaling per se. Our findings may help to explain the cardiomyopathy in experimental models with enhanced ␤-adrenergic signaling (and cAMP levels) 50, 51 and lack of a protection against pressure overload and tumor necrosis factor-induced heart failure despite enhanced Ca 2ϩ cycling in the PLN knockout mice. 52, 53 Indeed, whereas Ca 2ϩ transients in cardiomyocytes were normalized in tumor necrosis factor-induced cardiomyopathy in a PLN-null background, global systolic function remained depressed and unchanged. 53 We propose that enhancing cell-cell adhesion and cell-ECM interaction will promote the salutary effects of enhanced intracellular Ca 2ϩ cycling on whole heart function and booster the therapeutic potential of normalizing intracellular Ca 2ϩ cycling in patients with heart failure. Increased sympathetic nervous system activity and ␤-adrenergic receptor signaling are key aspects of the pathophysiology of heart failure 54 and in catecholamine-mediated cardiomyopathies. 55, 56 ␤-Adrenergic receptor blockers improve clinical outcomes in patients with chronic heart failure. 54 In contrast, agents that increase myocardial cAMP such as PDE3 inhibitors are associated with adverse outcomes and increased mortality in patients with heart failure. 57 Our data support a novel role of ␤-adrenergic blocker in reducing MMP expression and/or activity and preservation of cell adhesion, thereby curtailing adverse myocardial remodeling.
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